Tertiary dentin matrices, formed in response to speci®c stimuli in adult teeth, are categorized as reparative or reactionary. Reparative dentin (RD) is a tertiary dentin matrix formed by new odontoblast-like cells in response to a speci®c stimulus after loss of the original odontoblasts, whilst reactionary dentin is formed by pre-existing odontoblasts (1) . Clinical observations and experimental studies reveal that tertiary dentin forms in adult pulps subjacent to carious lesions, after partial removal of dentin (2) , and after pulp exposure in germ-free rats (3), monkeys and humans (4±7). The controlled therapeutic induction of tertiary dentin matrices has long been a goal in clinical dentistry.
Bone morphogenetic proteins (BMPs) are a family of signaling molecules critically involved at various stages in the formation of a variety of tissues and organs including bones and teeth (8±10). Recombinant BMP-2, -4 and -7 are osteogenic (8, 11) , dentinogenic (12±14) and cementogenic (15, 16) when applied directly to adult dermis, muscle, bone, dental pulp or the periodontium, respectively.
All published studies on BMP-induced reparative dentinogenesis have tested for ecacy using clinically healthy dental pulps (12±14). However, many patients who may be candidates for therapeutic dentinogenesis will present clinically vital teeth with an existing or history of recent pulpitis. Therefore the objectives of this study were to establish an animal model of reversible pulpitis and to test the eects of a single application of exogenous recombinant BMP-7 to the in¯amed pulp tissue on reparative dentinogenesis.
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Recombinant human BMP-7 (bone morphogenetic protein-7, osteogenic protein-1) is osteogenic, dentinogenic and cementogenic when implanted into the appropriate tissue in vivo. However, most studies characterizing the induction of these tissues have implanted BMP-7 into freshly surgerized, clinically healthy tissues. To determine if BMP-7 is dentinogenic in in¯amed dental pulps, we applied BMP-7 to in¯amed ferret pulps. A single application of 5 mg of a commercial preparation of lipopolysaccharide (LPS) from Salmonella typhimurium directly to the coronal pulp induced a reversible mixed in¯ammatory exudate of moderate intensity within 3 d. Treatment with a single application of 2.5, 7.5 or 25 mg recombinant human BMP-7/mg collagen (2 mg total mass/tooth) induced reparative dentinogenesis in controls but not LPS treated dental pulps. These data reveal that a single application of up to 50 mg/tooth of exogenous recombinant BMP-7 is insucient to induce reparative dentinogenesis in ferret teeth with reversible pulpitis. Given that pulp cells in the in¯amed tissues likely retain the capacity to respond to exogenous BMP-7, it is possible that insucient active recombinant protein is available to induce tissue formation in experimentally in¯amed dental pulps.
Material and methods
Experimental pulpitis was induced in adult ferret canines by the direct injection of a solution of water-soluble Salmonella typhimurium lipopolysaccharide (LPS; Sigma Chemical, St. Louis, MO, USA) (17) . The ferrets were heavily sedated and the four canine teeth anesthetized by local in®ltra-tion. Sixty teeth (4 teeth in each of 15 animals) were treated randomly with 0 (normal saline control), 5 and 10 mg/tooth (10 ml total volume/ tooth, n~4/group) LPS and sealed with a glass ionomer material (ESPE-Premier, Norristown, PA, USA) for 1, 2, 3, 7 and 60 d. The teeth were then harvested and processed for light microscopic histochemistry as previously described (14) . The teeth were scored for extent and type of in¯am-matory in®ltrate, and the frequency of intensity/ type category were recorded and analyzed statistically (Fisher's Exact Test). The criteria adapted from HEYS et al. (18) To determine if a single application of recombinant human BMP-7 induced reparative dentinogenesis in in¯amed pulps, a concentration ranging study was performed on 32 adult ferret canines treated for 3 d with 0 (saline control) or 5 mg LPS/pulp. These teeth were then reopened, the remaining coronal pulp surgically amputated to the level of the cemento-enamel junction with a rotary dental instrument under copious saline irrigation. After hemostasis, 2 mg (total mass) of a combination of BMP-7 and collagen carrier at 0, 2.5, 7.5 and 25 mg BMP-7/mg of collagen carrier (Creative BioMolecules, Hopkinton, MA, USA) were added to the teeth (n~8 teeth/BMP-7 treatment group/in¯amed treatment group) and sealed for 30 d. The BMP-7/collagen carrier (11, 14) was applied as described (12) . The teeth were then harvested and analyzed histologically as described (12) . Evaluation of all tissues was performed by an examiner blinded to the treatment groups.
Reverse transcriptase-polymerase chain reaction (RT-PCR) analyses of in¯amed pulp tissues were performed exactly as described previously (19, 20) . All animal protocols were approved by the University of Michigan Committee on the Use and Care of Animals.
Results
A priori, we predicted that a moderate in¯am-matory exudate comprising elements of acute and chronic in¯ammation (category 3B, above) would provide an appropriate test to determine the dentinogenic capacity of a single application of BMP-7/collagen. After 3 d, 5 mg of LPS was moderately more eective than 10 mg in inducing the desired level of in¯ammation, 3B (Fig. 1B ) after 3 d (P~0.07). All the in¯ammatory lesions were restricted to the crowns of the teeth as judged by the position of the lesion relative to the cementoenamel junction (Fig. 1B) .
This category of in¯ammation in teeth treated with 5 mg LPS appeared to be reversible in the immature ferret canine teeth utilized in this study. All teeth treated with saline or 5 mg LPS remained vital, while 3 of 4 treated with 10 mg were nonvital after 60 d. In the vital teeth, the root-tip formation was normal as evidenced by histological examination (Fig. 1C) . No histological evidence of reparative dentin formation was observed in any of these teeth. During this period the animals did not receive analgesics, manifested no abnormal behavior, continued to eat normal laboratory chow, and gained weight consistent with their ages.
A single application of BMP-7/collagen at any concentration tested failed to induce reparative dentinogenesis in the LPS-treated teeth (Table 1) . In contrast, 92% of the saline treated control teeth subsequently treated with BMP-7/collagen were positive for reparative dentin (Table 1, Fig. 2 ). Carrier alone failed to induce reparative dentin under all tested conditions.
To determine if LPS-associated in¯ammatory processes altered the expression of BMP receptors by pulp cells, we analyzed total RNA from dental pulp treated for 3 d with saline (data not shown) or 5 mg LPS for these genes associated with BMP responsiveness by RT-PCR (Fig. 3) . The identical set of mRNAs for BMPR-1A, -1B, and -II, was detected in both control and LPS-treated tissues.
Discussion
BMP are osteogenic (8) , dentinogenic (reviewed in (21)), and cementogenic (15, 16) . However, most of the studies testing the capacity of single applications of recombinant BMP protein to induce tissue regeneration have placed the protein, absorbed to an appropriate carrier, into freshly surgerized healthy tissues. In the realm of therapeutic dentinogenesis, it is likely that in many clinical instances where such a therapy might apply, the pulp tissue could be in¯amed with or without clinical symptoms. Hence it is important, at least for tertiary dentinogenesis, that BMP protein therapy be ecacious in in¯amed tissue. Therefore, we have developed a model of experimental pulpitis using commercial bacterial LPS and young adult, ferret canine teeth.
Ferrets were chosen because others have demonstrated that ferret teeth respond to speci®c stimuli by elaborating tertiary dentin matrices (22) . In addition, we chose to test a solution of commercial, water soluble bacterial LPS (17) because it promised to be more quanti®able and reproducible than dental caries, plaque or live anaerobic bacteria. Our data demonstrate that a single injection of a solution containing 5 mg of S. typhimurium LPS injected directly into a surgically exposed pulp reproducibly induced substantial in¯am-matory changes in ferret pulps within 3 d. The Table 1 Eect of LPS-induced pulpitis on BMP-7-induced reparative dentinogenesis in¯ammatory changes induced by this regimen did not lead to pulpal death and cessation of root maturation within 60 d (Fig. 1C) . Therefore, we consider the in¯ammatory changes which follow a single injection of 5 mg of S. typhimurium LPS to be largely reversible in young, adult ferret canine teeth. Previous studies have demonstrated that a single application of 2.5 mg recombinant human BMP-7/ mg collagen carrier to clinically healthy monkey teeth is sucient to induce reparative dentinogenesis (12, 14) . Mature (R.B. Rutherford, unpublished observations) and immature ferret canines pre-treated with saline rather than LPS formed reparative dentin in 92% of teeth tested (Table 1 , Fig. 2 ). This study extends earlier observations that BMP-7 is dentinogenic in monkeys to ferrets. In addition, increasing the concentration and the total amount of recombinant human BMP-7, but not the total mass of the BMP/carrier combination, applied to each tooth did not alter the amount of RD formed. The time course of RD formation was not examined in these experiments.
Exogenous BMP-7 failed to induce reparative dentin in reversibly in¯amed teeth ( Table 1) . The reasons for this failure are not clear. Failure cannot be due to inactive BMP/carrier, since aliquots from the same preparation induced reparative dentinogenesis in saline-treated teeth.
We have detected the expression of BMP-2, -4, and -7 and BMP receptor mRNA in human pulps and cultured pulp cells by the RT-PCR (19, 23) . We have also determined that these primers and a pair developed from our published human cDNA sequence for human dentin sialophosphophoryn (20) , as well human collagen type I, detect expression of the mRNA for these genes in total RNA extracted from healthy adult ferret dental pulps (data not shown). Total RNA from control (data not shown) or LPS-treated ferrets pulps (Fig. 3) express BMP receptors. Therefore, it seems unlikely that LPS treatment as applied in these studies substantially alters the capacity of resident pulp cells to respond to BMP-7. It is possible that the levels of the BMP antagonistic binding proteins noggin or chordin (24) are suciently elevated in in¯amed pulps to inactive the exogenous protein. Alternatively, the recombinant BMP-7 protein may be rapidly denatured in in¯amed tissue so that even amounts 10-fold higher than necessary to induce a reparative response in non-in¯amed tissue are ineective. We conclude that a single application of a therapeutic dressing comprising BMP-7 and a bovine bone-derived collagen carrier fails to induce reparative dentin formation in an animal model of reversible pulpitis. RT-PCR analysis of total RNA from adult LPS-treated ferret pulp and normal ferret and mouse skin included for size comparison. Lane 1. m.w. markers; lanes 2 and 3. BMPR-IA; 4. water control; lanes 5 and 6 BMPR-II; lane 7. blank; lanes 8, 9 and 10. BMPR-II. Lanes 3, 6, 9 mouse and 10 ferret skin controls. An arrow marks the appropriate band. Since these PCR primers were developed from human, they bind to ferret cDNA with varying eciencies which results in the variation in band intensity and multiple bands.
